Contaminated eggs produced by infected commercial laying flocks are often implicated as sources of human infections with Salmonella Enteritidis, but Salmonella serovars Heidelberg and Typhimurium have also been associated with eggtransmitted illness. Contamination of the edible contents of eggs is a consequence of the colonization of reproductive tissues in systemically infected hens. In recent years, the animal welfare implications of diverse poultry housing and management systems have been vigorously debated, but the food safety significance of laying hen housing remains uncertain. The present study evaluated the effects of 2 different bird stocking densities on the invasion of internal organs by Salmonella serovars Heidelberg and Typhimurium in groups of experimentally infected laying hens housed in colony cages enriched with perching and nesting areas. Laying hens were distributed at 2 different stocking densities (648 and 973 cm 2 /bird) into colony cages and (along with a group housed in conventional cages at 648 cm 2 /bird) orally inoculated with doses of 10 7 cfu of 2-strain cocktails of either Salmonella Heidelberg or Salmonella Typhimurium. At 5 to 6 d postinoculation, hens were euthanized and samples of internal organs (cecum, liver, spleen, ovary, and oviduct) were removed for bacteriologic culturing. The overall frequency of Salmonella isolation from ceca after inoculation with strains of serovar Heidelberg (83.3%) was significantly (P < 0.001) greater than the corresponding value for strains of serovar Typhimurium (53.8%), whereas Salmonella was recovered significantly more often from both livers (85.2% vs. 53.7%; P < 0.0001) and spleens (78.7% vs. 56.5%; P = 0.0008) after inoculation with strains of serovar Typhimurium than strains of serovar Heidelberg. However, there were no significant differences (P > 0.05) between stocking densities or cage systems in the frequencies of isolation of either Salmonella serovar from any of the five sampled tissues. These results contrast with prior studies, which reported increased susceptibility to internal organ invasion by Salmonella Enteritidis among hens in conventional cages at higher stocking densities.
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INTRODUCTION
The overall incidence of human infections with Salmonella in the United States has not changed appreciably for many years, even though substantial public and private resources have been invested to control food-borne disease (Centers for Disease Control and Prevention, 2011; Chai et al., 2012) . Most human illnesses caused by Salmonella serovar Enteritidis around the world have been attributed to the consumption of contaminated eggs (Jackson et al., 2013; Pires et al., 2014) . The frequency of human infections with this pathogen is epidemiologically linked to its prevalence in commercial egg-laying chickens (Havelaar et al., 2013; Arnold et al., 2014) . In a recent multi-national European survey, egg-laying hens were identified as the leading reservoir for human salmonellosis, responsible for 42% of all cases (De Knegt et al., 2015) . However, sustained application of comprehensive testing and risk reduction programs for egg-producing flocks in many nations has led to some recent decreases in both egg contamination and human illness (Esaki et al., 2013; O'Brien, 2013; Wright et al., 2016) . Other Salmonella serovars have also been linked to egg-transmitted illness, although far less often than Enteritidis. For example, salmonellae other than Enteritidis (most prominently serovar Typhimurium) caused 22% of egg-associated disease outbreaks in the European Union in 2008 (Threlfall et al., 2014) . Contaminated eggs have repeatedly been implicated as the food vehicles for Salmonella Typhimurium infections in Australia (Stephens et al., 2008; Slinko et al., 2009) and Salmonella Heidelberg infections in the United States (Chittick et al., 2006) .
Within only a few hours after chickens are orally infected, Salmonella can invade from the intestinal tract to reach internal organs such as the liver and spleen (He et al., 2010) . Further systemic dissemination of Salmonella Enteritidis in laying hens often includes colonization of the ovary and oviduct, where egg yolks mature and are surrounded by albumen as they descend for oviposition (Gast and Holt, 2000; De Buck et al., 2004) . Invasion of these reproductive tissues appears to be the principal direct cause of contamination of the edible interior contents of eggs (Gantois et al., 2009; Gast et al., 2011a) . Although Salmonella colonization is typically cleared from the internal organs of mature hens within a few weeks after oral exposure (Gast et al., 2007 (Gast et al., , 2011b , extended bacterial persistence within the tissues of even a small proportion of birds can support continuing horizontal transmission of infection within and between flocks . Although the important epidemiological relationship between Salmonella Enteritidis infections of chickens and egg contamination has been extensively documented, other Salmonella serovars (including Typhimurium and Heidelberg) are also reportedly capable of colonizing reproductive tissues in chickens and sometimes reaching the contents of developing eggs, although usually at lower frequencies than are typically observed with outbreak-associated strains of Salmonella Enteritidis (Williams et al., 1998; Gast et al., 2004; Gantois et al., 2008b; Okamura et al., 2010) .
Ongoing debates about the animal welfare and economic ramifications of different housing systems for commercial egg-laying hens have raised related questions about the food-safety implications of these systems. The diverse facility features and associated management practices which characterize each housing system can potentially influence the persistence and transmission of pathogens within and between flocks. However, the current body of scientific knowledge about this subject has not yet provided any definitive answers about the public health consequences of the various poultry housing choices (Holt et al., 2011; Whiley and Ross, 2015) .
Previous studies conducted both in Europe and North America have compared conventional cage-based housing, cage-free housing, and intermediate alternatives such as enriched (furnished) colony cages or aviaries, yielding a wide range of results with no consistent pattern of higher risk for Salmonella infection or environmental contamination associated with particular systems. One particularly important aspect of poultry housing, which often differs between systems and might affect the probability of Salmonella infections within flocks, is the stocking density of laying hens (expressed in terms of the available floor space provided for each bird). The objective of the present study was to determine the effects of 2 different bird stocking densities on the invasion of internal organs by strains of Salmonella Heidelberg and Salmonella Typhimurium in groups of experimentally infected laying hens housed in colony cages enriched with perching and nesting areas.
MATERIALS AND METHODS

Experimental Housing of Laying Hens
In each of 2 similar trials, 142 laying hens were obtained from the specific-pathogen-free flock of Single Comb White Leghorn chickens (negative for antibodies to Salmonella in periodic routine monitoring) maintained at our research center. These hens (24 and 30 wk old at the beginning of the first and second trials, respectively) were distributed into 3 separately housed groups in different rooms of a disease-containment facility containing cage systems designed to simulate commercial conditions. In one room, 42 hens were housed in conventional laying cages (6 hens per cage), which provided 648 cm 2 of floor space per bird. Hens in the other 2 rooms were housed in enriched colony laying cages, each of which included access to 2 perches and a single enclosed nesting area. In one enriched colony room, 40 hens were housed (20 per cage) at a stocking density of 973 cm 2 of floor space per bird. In the other enriched colony room, 60 hens were housed (30 per cage) at a stocking density of 648 cm 2 of floor space per bird. All hens were provided with water (via 2 automatic nippletype drinkers in each conventional cage and six in each enriched colony cage) and feed (a pelleted, antibioticfree layer-breeder ration) ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the U. S. National Poultry Research Center.
Experimental Infection of Laying Hens with Salmonella Heidelberg or Salmonella Typhimurium
In each trial, all hens were orally inoculated with a measured dose of Salmonella. The inocula consisted of a mixture of 2 strains of Salmonella Heidelberg in the first trial and a mixture of 2 strains of Salmonella Typhimurium in the second trial. All 4 of these strains were originally isolated from environmental samples collected in commercial laying houses during a prior field study . Each Salmonella strain was resuscitated by transfer into tryptic soy (TS) broth (Acumedia, Neogen Corp., Lansing, MI) for 2 successive cycles of 24-h incubation at 37
• C. After cell numbers in each incubated culture were estimated by determining its optical density at 600 nm, equal numbers of the 2 inoculum component strains for each trial were combined, and further serial 10-fold dilutions in 0.85% saline produced a final cell concentration in each oral dose of approximately 1.4 × 10 7 cfu (confirmed by subsequent plate counts).
Fecal Samples
Immediately before inoculation, sterile cotton swabs were used to collect samples of voided feces from polystyrene trays (food-grade but not sterile) placed under each cage. A total of 30 samples per room were collected, evenly distributed among all occupied cages. Each fecal sample was transferred into 9 mL of tetrathionate broth (Acumedia) and incubated for 24 h at 37
• C. A 10-μL portion from each broth culture was then streaked onto brilliant green (BG) agar (Acumedia) supplemented with 0.02 mg/mL of novobiocin (Sigma Chemical Co., St. Louis, MO) and incubated for 24 h at 37
• C. The identity of presumptive colonies of Salmonella was confirmed biochemically and serologically (Waltman and Gast, 2008) .
Internal Organ Samples
At 5 d post-inoculation in each trial, 18 hens were randomly selected from each of the 3 housing-system treatment groups (drawn from 3 conventional cages and one enriched colony cage of each stocking density) and humanely euthanized for bacteriologic culture of internal tissues. Portions (approximately 5 to 10 g) of the liver, spleen, ovary, oviduct (magnum-isthmus junction region), and ceca (including the ileocecal junction) from each hen were aseptically removed, transferred to 20 mL of buffered peptone water (Acumedia), and mixed by stomaching for 30 sec. After incubation for 24 h at 37
• C, a 1-mL portion of each culture was transferred to 9 mL of tetrathionate broth and incubated for 24 h at 37
• C. A 10-μl aliquot of each culture was then streaked onto BG agar plus novobiocin. Following incubation of these plates for 24 h at 37
• C, typical Salmonella colonies were subjected to biochemical and serological confirmation (Waltman and Gast, 2008) . At 6 d post-inoculation, this necropsy procedure was repeated for 18 additional hens from each housing system treatment group.
Statistical Analysis
Significant differences (P < 0.05) between housing systems (within trials) or inoculum serovars (between trials) in the mean frequencies of Salmonella isolation from internal organs were determined by Fisher's exact test. Because the 2 replicate sampling dates (5 and 6 d post-inoculation) did not differ significantly within either trial in Salmonella recovery from any of the five sampled tissues, their results were combined for analysis and presentation. Data were analyzed with Instat biostatistics software (GraphPad Software, San Diego, CA).
RESULTS
None of the fecal samples collected prior to inoculation of the hens in either trial were Salmonella-positive. In the first trial, Salmonella Heidelberg was recovered from 83.3% of sampled ceca (for all 3 housing system treatment groups combined), 53.7% of livers, 56.5% of spleens, 19.4% of ovaries, and 15.7% of oviducts (Table 1 ). There were no significant differences (P < 0.05) between the 3 housing systems in the frequencies of isolation of Salmonella Heidelberg from any of these tissues. In the second trial, Salmonella Typhimurium was recovered from 53.7% of sampled ceca (for all 3 housing groups combined), 85.2% of livers, 78.7% of spleens, 12.0% of ovaries, and 12.0% of oviducts (Table 1 ). There were no significant differences (P < 0.05) between housing treatments in the frequencies of Salmonella Typhimurium isolation from any of these organs. The overall frequency of isolation of Salmonella from ceca after inoculation with the 2-strain cocktail of serovar Heidelberg strains was significantly (P < 0.001) greater than the corresponding value for serovar Typhimurium strains. Conversely, Salmonella was recovered significantly more often from both livers (P < 0.0001) and spleens (P = 0.0008) after inoculation with the mixture of serovar Typhimurium strains than serovar Heidelberg strains. The frequencies at which the 2 Salmonella serovars were found in ovaries and oviducts were not significantly different.
DISCUSSION
The dissemination of Salmonella and other pathogens within and between egg-laying flocks is significantly influenced by environmental conditions in poultry facilities . Following introduction from environmental sources, salmonellae can spread rapidly throughout flocks (Gast et al., 2014b) , especially when the inherent susceptibility of hens to infection is increased by stressors such as feed deprivation, water deprivation, or environmental heat (Humphrey, 2006) . Contaminated feces and dust, seeded with salmonellae shed by infected hens (Gast et al., 2011c) and sometimes amplified by rodent or insect vectors (WallnerPendleton et al., 2014), can support environmental persistence of these pathogens for many months (Im et al., 2015) . Management-associated risk factors such as larger flock size, greater flock age, housing in older facilities, and multiple-age stocking have all been linked to the environmental prevalence of Salmonella in laying flocks (Van Hoorebeke et al., 2010a; Pitesky et al., 2013; Denagamage et al., 2015) .
Environmental influences on the persistence and transmission of salmonellae within different types of housing facilities and management practices used for commercial laying hens are numerous and complex (Carrique-Mas et al., 2009a) . Experimentally generated assessments of the food safety consequences of poultry housing systems have been correspondingly diverse. Conventional cage-based housing systems have sometimes been associated with more frequent Salmonella infection or environmental contamination in egg-laying flocks, particularly when rodent populations are high (Van Hoorebeke et al., 2010b; Denamagage et al., 2015; Jones et al., 2016) . Conversely, other investigations have reported a higher prevalence of egg shell and environmental contamination, and more widespread horizontal dissemination of Salmonella infection, in cage-free housing systems (Snow et al., 2010; De Vylder et al., 2011; Parisi et al., 2015) . In a third cluster of studies, no significant differences in Salmonella infection or environmental contamination were found between cage-based and cage-free housing (Siemon et al., 2007; Jones et al., 2012) or between conventional cage and enriched colony cage systems (De Vylder et al., 2009; Van Hoorebeke et al., 2011) . In a large field survey conducted recently under commercial conditions, the overall Salmonella prevalence in environmental samples and egg shells was similar in conventional cages, enriched colony cages, and aviaries . Differences in facility design and management practices between the various poultry housing systems may be associated with distinct risk factors and reservoirs for Salmonella persistence, perhaps requiring similarly specific strategies for effective Salmonella control within each system (Carrique-Mas et al., 2009b; Jones et al., 2015) .
In a related series of previous experiments, Salmonella Enteritidis invaded internal organs and was shed in feces at higher frequencies among hens in conventional cages than in enriched colony cages, but no differences between these housing systems were observed for horizontal transmission of infection or deposition inside eggs (Gast et al., 2013b (Gast et al., , 2014a (Gast et al., ,b, 2015 . One important parameter which differed between the 2 cage systems in those studies was the hen stocking density. In a recent investigation , Salmonella Enteritidis was recovered from livers and ovaries at greater frequencies from groups of hens housed in enriched colony cages at a higher stocking density than at a lower one. However, an even higher frequency of Salmonella Enteritidis isolation from spleens was found in hens from conventional cages than from enriched colony cages when both employed the higher hen density. This suggested that stocking density can influence the susceptibility of hens to Salmonella Enteritidis infection, although some other characteristic of conventional cage housing may also be relevant.
Stress caused by high stocking density can lead to the suppression of both humoral and cellular immunity and increased Salmonella Enteritidis invasion of internal organs (Gomes et al., 2014) . Stressed laying hens housed in enriched colony cages have been reported to mount more complete immune responses than do those in conventional cages (Matur et al., 2015) . In the present study, no significant differences in invasion to the sampled internal tissues were observed between any combination of caging systems or stocking densities following infection with either Salmonella Heidelberg or Salmonella Typhimurium. However, a relatively brief interval (5 to 6 d) separated inoculation and sampling in this experiment, whereas a longer period of exposure to environmental stressors associated with different housing systems might exert more demonstrable effects on infected hens. Although determining the mechanisms underlying this difference in results between serovars Enteritidis and Heidelberg/Typhimurium is beyond the scope of the current investigation, the possibility that susceptibility to infections with Salmonella Enteritidis is uniquely increased by immunosuppressive stress may be consistent with the observed significant epidemiological association of this serovar with egg contamination.
Salmonella serovars Enteritidis, Heidelberg, and Typhimurium are all internationally prevalent in both humans (Parmley et al., 2013) and egg-laying poultry (Kinde et al., 2004; Otomo et al., 2007; Sivaramalingam et al., 2013) . Although all 3 of these serovars have been associated with egg-transmitted illness, experimental examination of their virulence properties has demonstrated some important differences. For example, one study (Gantois, 2008a) determined that reproductive organs were invaded significantly more often by Salmonella Enteritidis than by Salmonella Heidelberg (but neither of those serovars differed from Salmonella Typhimurium). In another experiment, the frequency of egg contamination attributed to infection with a strain of Salmonella Enteritidis significantly exceeded the corresponding value for a strain of Salmonella Heidelberg, even though both serovars colonized the ovaries and oviducts of infected hens at similar frequencies (Gast et al., 2011b) . Likewise, other investigations have reported higher egg contamination frequencies after infection with strains of Salmonella Enteritidis than with strains of either Salmonella Heidelberg (Gast et al., , 2005 (Gast et al., , 2007 or Salmonella Typhimurium (Keller et al., 1997) , despite the absence of any correlated differences in the colonization of reproductive organs. Fecal contamination of shells has been shown to be the most likely source of Salmonella Typhimurium contamination of eggs in Australia (Pande et al., 2016) . Variability is also seen within serovars, as strains of Salmonella Enteritidis can differ significantly in their associated frequencies of both reproductive organ invasion and egg contamination Holt, 2000, 2001; Gast et al., 2007) .
In the present study, some significant differences in Salmonella recovery from internal organs of infected hens were observed when hens were infected with strains of serovars Heidelberg and Typhimurium. After oral inoculation with 2-strain mixtures of each serovar, Salmonella Heidelberg was found at a comparatively higher frequency in cecal samples, whereas Salmonella Typhimurium was more isolated more frequently from liver and spleen samples. However, because these results were derived from a comparison of only 2 field isolates of each serovar (not otherwise characterized for their virulence attributes), they allow correspondingly limited generalization about the overall invasive properties of these serovars. In addition to their significant association with poultry and poultry products, serovars Heidelberg and Typhimurium are also of interest as important agents of invasive illness in humans (Vugia et al., 2004; Arshad et al., 2008) . Invasive behavior of salmonellae in humans has been found to be phenotypically complex, involving a common core of virulence genes which includes at least 8 Salmonella pathogenicity islands, 5 fimbrial operons, 3 colonization factors, and an invasion gene (Suez et al. 2013) .
Unequivocal genetic explanations for the differences between egg-associated and non-egg-associated Salmonella strains and serovars have been somewhat elusive (Bottledoorn et al., 2010) . The observed incidence of egg contamination by Salmonella Enteritidis has typically been relatively low in experimental inoculation studies (Gast et al., 2011b (Gast et al., , 2013a and even lower in naturally infected commercial flocks (DeWinter et al., 2011; Esaki et al., 2013) . Although Salmonella deposition inside eggs is a consequence of invasion of the pathogen to reproductive tissues, high frequencies of ovary or oviduct colonization do not necessarily produce similarly frequent egg contamination (Gast et al., , 2007 (Gast et al., , 2011b . Genetic similarities have been reported among serotypes (including Enteritidis and Typhimurium) with demonstrated tropism for reproductive tissues (Morales et al., 2006) . The greater propensity of Salmonella Enteritidis for deposition inside developing eggs in comparison to serovars Heidelberg and Typhimurium may be related to improved intracellular survival within chicken macrophages (He et al., 2012) or enhanced adherence to reproductive tract mucosa (Mizumoto et al., 2005; Wales and Davies, 2011) . In contrast, Salmonella Typhimurium has been characterized as causing intense tissue pathology and immune responses (Wales and Davies, 2011) . Epidemiologically important traits of Salmonella Enteritidis, including persistence in hens' reproductive tracts and survival inside eggs, are associated with genes which are either found in the major pathogenicity islands, code for cell wall or lipopolysaccharide structure, or are responsible for stress responses (GuardBouldin et al., 2004; Coward et al., 2013; Raspoet et al., 2014) . The sequential expression of the various bacterial properties necessary for systemic infection and egg contamination may be mediated by small changes in multiple genes (Guard et al., 2010 (Guard et al., , 2011 . Salmonella strains with heightened abilities to cause systemic infection and egg contamination might periodically emerge from environmental reservoirs (Dewaele et al., 2012) . Salmonella Enteritidis isolates with greater susceptibility to environmental stressors have been shown to also exhibit reduced pathogenicity for chickens (Shah, 2014) .
The results of the present study illustrate some of the inherent complexities that encumber efforts to characterize how the genetic and phenotypic attributes of Salmonella strains and serovars enable some of them to invade reproductive organs of laying hens and contaminate developing eggs. In this instance, experimental infection with a cocktail of 2 serovar Heidelberg strains caused a higher frequency of intestinal colonization, but infection with a mixture of 2 serovar Typhimurium strains led to more frequent invasion of livers and spleens. Moreover, the caging systems and hen stocking densities evaluated in these experiments did not affect infections with either serovars Heidelberg or Typhimurium, although significant housing effects on internal organ colonization were previously observed in hens infected with serovar Enteritidis. Fully understanding the comparative epidemiological significance of the most prevalent salmonellae in the context of particular poultry management systems, and achieving meaningful and sustainable risk reduction, requires a thorough explanation (encompassing both experimental infection and field study data) of how the expression of bacterial virulence factors is influenced by environmental conditions.
